Models for the inclusion of water molecules in carbon monoxide matrices are developed using Density Functional Theory applied to amorphous solid systems. The models cover a large range of systems for smaller or larger CO matrices and different water content, consisting in either individual H 2 O molecules or small clusters linked by H-bonds. The vibrational spectra of the samples are predicted at the minimum of the potential energy surface. The spectra allow discerning when water molecules remain isolated or forming aggregates, and they also provide an indication of the strength of the H-bonding, when present. The calculations support recent experimental observations that linked IR bands at 3707 cm -1 and 3617 cm -1 to the presence of unbound water molecules in water-poor CO/H 2 O mixed ices.
Introduction
Ices formed by mixtures of carbon monoxide and water have been studied from different points of view for a long time. [1] [2] [3] The small size, physical properties, chemical possibilities and widespread abundance of these molecules have made of the mixed systems a favorite subject for study, both as themselves but also as models for other systems. For instance, the desorption and diffusion of CO in water and in other matrices receive current attention, as shown by a number of papers recently published. [4] [5] [6] [7] [8] [9] [10] Also, modifications in the IR spectrum of CO due to the environment are not fully understood. 5, [11] [12] [13] [14] [15] For example, the presence of water in the sample seems to induce a splitting of the strong IR band at 2138 cm -1 characteristic of pure CO. Moreover, the active role of CO and H 2 O in astrochemistry, in the gas phase and in heterogeneous reactions involving ice, is also particularly interesting. [16] [17] [18] [19] From a theoretical point of view, several investigations by means of molecular dynamics or ab initio calculations have also enlarged the literature on these systems. 5, 20, 21 A novel method for the generation of high-density amorphous ice by a matrix sublimation technique has just been reported. 22 In that paper, a CO: H 2 O mixture with high CO concentration was deposited at low temperature (8-10 K) and ultra-high vacuum. The CO matrix containing sparse water molecules was warmed until CO sublimation at 35 K, leaving an amorphous ice residue with special characteristics of large porosity and yet high intrinsic density. The evolution of the CO/ H 2 O mixtures was followed by ultra-high vacuum (UHV) transmission electron microscopy (TEM) and Fourier Transform Infrared (FTIR) spectroscopy. The method can be applied to other matrices, like those formed using Ar or N2, but the CO/ H 2 O mixture is particularly important for several reasons, outlined above.
In this investigation we follow the work of Kouchi et al., 22 where H 2 O molecules at low concentration were inserted in a CO matrix, and we focus on the spectra of water under such conditions, and more particularly, on the high-frequency region around 3000 -3700 cm -1 . We make theoretical models for CO/ H 2 O mixtures, and predict their spectra, aiming to analyze and explain the experimental features observed in Kouchi et al. 22 The use of these models allows also investigating static stress effects in the mixtures, resulting from the introduction of water molecules within a CO framework.
Theoretical models
The ice mixtures studied in ref. Kouchi 23, 24 with a = 5.63 Å and 4 CO molecules per unit cell. We therefore formed our initial CO structures by putting together four (2x2x1) and eight (2x2x2) unit cells yielding supercells of 16 and 32 CO molecules respectively. For the mixtures, we built a number of samples by replacing from one up to 4 (7 molecules in one case, commented on below) CO molecules from the cell by H 2 O molecules. Replacement criteria were various: proximity between water molecules, in order to favor the formation of H bonds; or the other way around, remoteness, within the limitations of the cell, to keep the water molecules away from each other; or direct insertion of trimer or tetramer water clusters. For completeness of the study, we induced an amorphous state on some of the samples by means of a Monte Carlo method described below. In this way we generated a large number of samples, so that we could take some statistical conclusions which are presented in the Results section.
The initial structures thus formed were then refined searching for the minimum in their Potential Energy Surface (PES). At that point the atomic force constants and charge distribution were calculated, and the harmonic vibrational spectrum was predicted. Most calculations were carried out using CASTEP, 25 a module of the Materials Studio 26 package that uses plane waves as basis functions and norm-conserving pseudopotentials 27 to describe the effect of core electrons. All calculations were done using Density Functional Theory (DFT), within the generalized gradient approximation (GGA) as defined in the PerdewBurke-Ernzerhof (PBE) functionals. 28 We tested several functionals and chose PBE because it yielded vibrational frequencies in better agreement with experiments. Convergence limits for the geometry relaxation were 5.0 x 10 -6 eV/atom for the energy, 0.01 eV/ Å for the forces, 0.02 GPa for the internal stress and 5.0 x 10 -4 Å for the displacements. When saddle points instead of global minima in the PES were found, revealed by the presence of imaginary frequency values in the vibrational normal modes, further relaxation was sought using SIESTA. [29] [30] [31] The SIESTA method uses Numerical Atomic Orbitals (NAO) as basis sets and norm-conserving pseudopotentials for the core electrons of each atom.
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Again we ran several tests for all parameters involved in the calculations, and selected 0.0001 eV/ Å for the force tolerance, 0.005 Å for the displacements, 0.1 GPa for the stress and a mess cutoff of 300 Ry, which had to be increased to 500 Ry in some cases to avoid the egg-box effect. 30 The generation of amorphous structures was done using the Amorphous Cell module of Materials Studio. 26 This program creates three-dimensional periodic structures of molecular systems, where the amorphous character is achieved by neglecting any long-range order and minimizing short-range atomic interactions by the Monte Carlo method. A chosen number of molecules are placed inside a cell for a given density and temperature to define the system. For our purposes, we started from some of the crystalline frames mentioned above, which lost their crystalline structure during the amorphousconversion process. The resulting samples were subsequently optimized and processed in a similar way to that indicated above for the crystalline samples. An example of this process is shown in Fig. 1 , bottom panel.
Results
Taking into account the number of systems that we have studied, we had to devise a nomenclature to label them. The adopted code started with the number of CO molecules in the system after replacement by H 2 O molecules. For instance, 14CO-indicates that 14 CO molecules remain from a small-matrix sample of 16 CO molecules. Then, the number of inserted water molecules is given, with a capital W, and a letter to distinguish among cases with the same molecular content. Thus, the root 14CO-2W stands for all cases where, from a small-matrix sample with 16 CO molecules, 14 CO molecules remain and 2 H 2 O molecules have been inserted. A suffix a, b, c… distinguishes samples with the same CO and H 2 O content, but with different molecular structure. When the inserted water molecules formed a cluster, the structure is labeled with an indication of the type of cluster, usually trimer or tetramer (-triW or -tetraW, respectively), in a nearly linear or angular configuration (-lin or -ang, respectively). Therefore, 29CO-triW-lin designates a sample where a water trimer with an approximate linear configuration has been inserted, replacing 3 CO molecules from a large-matrix with 32 CO molecules. For amorphous samples the suffix amorp-is added. Fig. 1 represents six of these structures for illustration.
The full list of systems studied in this work is assembled in Table S1 in the Supplementary Material. In this section we concentrate on the most representative cases, listed in Table 1 . Our results are presented in subsections dealing with specific aspects: types of binding of water molecules within the sample, predicted spectra, and pressure effects. 
Water binding
From the initial structure of the samples to their final configuration several processes took place. Atomic and molecular rotations and displacements during the search for the minimum of the PES usually involved the creation or breakdown of H-bonds. The presence or absence of H-bonds is indicated in Table 1 for several cases of each type of configuration. A H-bond was acknowledged when the H…O separation was ≤ 2.2 Å and the bonding angle was ≥ 120 o . H-bond distances are listed in the Table. We have represented unbound water molecules by mon and H-bound water molecules by W…W. The results in Table 1 indicate that in large-matrix samples, there are practically no important variations from the initial to the final structures, but in small-matrix samples H-bonds are often created or reinforced with shorter H…O distances when they existed originally.
The initial structure of clusters was optimized separately, apart from the CO network. We generated two trimers, one with a quasi linear structure and the other with a triangular shape, and two tetramers, one again quasi linear, and the other one forming a nearly planar square. For easy reference, they are labelled triW-lin, triW-ang, tetraW-lin and tetraW-ang, respectively. They are shown in Fig. S1 of the Supplementary Material. Once converged, each cluster was inserted in the CO net after creating an empty space by removal of the appropriate number of CO molecules, and then the usual relaxation process began. H-bond distances quoted in the table for the initial stage of these samples correspond therefore to the geometry of the clusters calculated as isolated species. We can see that the existing Hbonds were strengthened during the refinement of the sample structure. It is interesting also to look at the amorphous case listed in the Table. After inclusion of an optimized water trimer in the CO crystal, an amorphous sample was generated by the process indicated above, which broke all three H-bonds initially present. However, during optimization of the geometry, two H-bonds were created again. Changes in the structures during the geometry optimization process could be followed using the available visualization techniques. Thus, we noticed that the general trend was for O atoms not to move significantly from their initial positions, whereas the H atoms did reorient themselves looking for stronger binding with neighboring molecules.
Calculated spectra and comparison to observed spectra
Once a good relaxation of the structure was achieved, which placed the systems at the minimum of their PES, the harmonic vibrational spectrum was predicted. We focused on the part of the spectrum corresponding to the O-H stretching vibrations, which can reach between 2500 and 3800 cm -1 . Whereas the intramolecular O-H modes fall in the higher wavenumber portion of this range, in the lowest wavenumber region the O…H modes of H-bound structures appear normally. Characteristically, H-bonds are longer and weaker than intramolecular O-H bonds, and consequently they are red-shifted from the other O-H bonds in the spectrum. They are strong, wide features, because they involve large dipole moment variations and a variety of geometrical configurations. 34 The red-shift and strength of these modes is satisfied in the spectra calculated for the samples studied here. Unfortunately, the theoretical model does not provide any information on the width of the spectral modes, and that typical characteristic of H-bond vibrations is missing from the calculations.
Some of the structures contained unbound water molecules (monomers), with or without the presence of other water molecules linked by H-bonds. Whenever there was a monomer, its two stretching modes were predicted at ~ 3750 cm -1 (asymmetric stretch, strong) and ~3650 cm -1 (symmetric stretch, medium).
The upper panels of Fig. 2 display spectra of two samples, one with 2 isolated monomers (left), and the other one with one monomer plus a water dimer. Besides the monomer modes, those of the dimer appeared for the second species at 3721 cm -1 , 3717 cm -1 (asymmetric stretching), 3629 and 3515 cm -1 , the last one being the typical stretching mode of the O…H-O binding, very strong and red-shifted with respect to the other stretching vibrations. The spectra represented in the lower panels of Fig. 2 are those of samples where no unbound H 2 O molecules were present. The corresponding O-H stretching modes at ~ 3750 cm -1 and ~3650 cm -1 are missing. The spectrum on the left corresponds to the 13CO-triW-lin structure, created by insertion of a quasi-linear water trimer into the CO net, which developed the strongest H-bonds of all systems, with O…H distances of only 1.7 Å. The H-bond mode was very strong and appeared as low as 3084 cm -1 . Finally, the spectrum on the right is that of the amorphous structure listed at the end of Table 1 . Two H-bonds linked the three water molecules in a triangular shape. The predicted spectra could be compared to the observations of Kouchi et al. 22 Before attempting such comparison, though, it was necessary to correct the calculated spectra by the effects of anharmonicity, which was not taken into account in our harmonic calculations. For O-H stretching modes, this is normally done by applying a 1 % reduction on the calculated wavenumbers. We reproduce in Fig. 3 the observed spectra of the water-poor (above) and water-rich CO: H 2 O mixtures deposited at 10 K from Kouchi et al. 22 The most remarkable feature when looking at these two spectra was the presence of the bands associated to the O-H modes for the monomer in the water-poor sample, at 3707 and 3617 cm -1 , which were missing in the water-rich sample. This effect is highlighted by broken lines in both spectra. All other features could be seen in both spectra, although with different intensity and, in some case, different width as well. We present in Table 2 a summary of the stronger IR bands in the observed spectra of Kouchi et al., 22 together with anharmonicity corrected calculated values, for the samples shown in Fig. 2 . Based on the structure of these theoretical samples, we put forward in Table 2 mentioned above. Fig. 3 . Observed spectra of water-poor (above) and water-rich samples deposited at 10 K. 22 The dotted lines indicate where the modes of the unbound H 2 O monomers appear in the large-matrix samples and are missing in the other case. Table 2 . Tentative assignment for the main peaks observed in the spectra of Fig. 3 , adapted from Kouchi et al. 22 The assignments are based on the calculated spectra of the samples in Fig. 2 *Observed only in water-poor spectra.
Pressure evolution
The matrix sublimation method described in Kouchi et al. 22 generated a high-density amorphous ice.
Analysis of UHV-TEM results indicated that, after evaporation of all CO molecules, the resulting ice structure corresponded to that of a 0.1 GPa sample, with an average d-space of 3.1 Å. In an attempt to simulate this experiment, we have carried out a calculation on an already converged structure, 13CO-triW-lin. The sample was generated with a density of 0.972 g cm -3 , yielding a static pressure of 7.6 kBar (0.76 GPa) after the relaxation of the molecular structure. This pressure corresponds to the use of a fixed-size cell, taken from the crystalline structure of CO, which would be different to a theoretical value predicted at zero pressure. The actual value of 0.76 GPa is ruled by the approximations and parameters involved in the calculation, like base error, choice of pseudopotential functions, etc., and should not be compared to any experimental measurement. To check the effects of external pressure on the optimization process, we performed a series of calculations using the Target Pressure option of the Siesta method. First we set a higher external target pressure of 1.0 GPa and unconfined the size of the cell to accommodate to that pressure. A good convergence was achieved, with volume shrinkage from 713 Å 3 to 674 Å 3 , and an energy increase from -9151.18 eV to -9150.99 eV. In another calculation the cell size was released and the pressure was unconstrained. In this case, the volume expanded up to 890 Å 3 and the energy dropped to -9151.5174 eV, with null static pressure left. These results show that a good convergence can be achieved for a sample under pressure, where the final configuration shrinks with increasing pressure and the relaxation energy increases. We carried out similar calculations on several other samples, with the results collected in Table 3 . While the absolute pressure values are not to be compared to the experimental ones, the results indicated that a theoretical study on the pressure effects could in principle be undertaken using the available tools. Both in the fixed-cell and in the compressed structures of 13CO-triW-lin, the water molecules were linked by H-bonds of 1.8 Å length forming chains, but the chain was bent in the fixed cell and almost linear in the 1.0 GPa case. The corresponding structures are schematically depicted in Fig. 4 . These different structures were also reflected in the radial distribution function (RDF) for the O-O distances for these two samples. We show in Figure 5 the RDF of the samples. The first peak in the RDF graphs corresponds to the O-O distance between H 2 O molecules linked by H-bonds, and successive peaks correspond to O-O distances among CO molecules. Values above 5 Å refer to distances between molecules in neighboring cells. Under pressure, the distances among CO molecules shortened a little, whereas those among the H-bonded H 2 O molecules were slightly enlarged as a consequence of the linear structure that the W…W…W molecules adopted in this sample. 
Summary and conclusions
This paper presents theoretical calculations on models for the inclusion of water molecules into a CO matrix. Many systems are studied with different water contents and distribution, for two basic models denoted large-matrix and small-matrix. The models are built by replacing CO molecules from CO crystalline supercells by H 2 O molecules, followed by relaxation of the structure and calculation of the vibrational spectrum. The relaxation process allows following changes in the binding among the water molecules present, including the formation or breakdown of H-bonds. Residual pressure effects in the sample cell are studied in relation to the size of the cell. The main conclusions of this work are listed below.
The methodology employed in this work allowed studying many systems at a reasonable theoretical level, covering many possible configurations of water molecules inside a CO matrix. The water molecules were inserted isolated from each other or linked among themselves by H-bonds as dimers, trimers or higher order clusters. The general trend for water molecules was, for large-matrix systems to remain in their initial configuration, either unbound or forming small clusters, and for small-matrix cases, to build up new or stronger H-bonds. Similar results were obtained for structures which were made amorphous before the relaxation process.
The calculated vibrational spectra in the O-H stretching region were a powerful tool to reveal the structure of the sample. Some features were very specific in the spectra. First, the presence or absence of the highest frequency peak in this region, near 3750 cm -1 , was a firm key to indicate the presence or absence of water unbound molecules. This was assigned to the strong asymmetric O-H stretching mode, and was accompanied by the symmetric stretch, at 3650 cm -1 , although this mode is weaker and may be harder to detect.
The corresponding asymmetric and symmetric stretching modes in the spectra of structures with bound water molecules appeared at slightly lower frequencies, usually in decreasing wavenumber order for longer water clusters, but this was not always the case, as some clusters adopted special configurations that yielded also singular spectra.
When there were H-bonds, the characteristic vibration of the O…H-O structure was usually very strong and appeared at the lowest wavenumber range, below 3600 cm -1 , and in one case below 3100 cm -1 , for the strongest H-bonded system found among these samples.
The calculated spectra were compared to those observed by Kouchi et al. 22 at a deposition temperature of 10 K. Since the calculations were carried out in the harmonic approximation, an anharmonicity correction was applied with 1 % reduction in the calculated wavenumbers. This yielded a reasonable agreement with the observations, and in particular, confirmed the hypothesis advanced in Kouchi et al. 22 that linked the observed peaks at 3707 and 3617 cm -1 to the presence of unbound water molecules in their water-poor samples.
Finally, a test study on the residual pressure in the cells was carried out by means of calculations with fixed or variable size of the cell. The results were in agreement with the expectations, opening the path for further calculations to be attempted in the future.
